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Human papillomavirus (HPV) types from the beta genus (beta-HPVs) have been implicated in the devel-
opment of skin cancer. A potentially important aspect of their carcinogenic role is the ability of the E6 protein
to degrade the proapoptotic family member Bak, which gives cells the ability to survive UV damage. However,
it is unknown if the ability to degrade Bak is limited to certain beta-HPV types or whether E6 expression in
keratinocytes affects other proteins important for apoptosis signaling. We tested the abilities of E6 proteins
from several representative members of the beta-HPVs to degrade Bak and protect UV-treated keratinocytes
from apoptosis. The E6 proteins of the beta-HPV type 5 (HPV5), -8, -20, -22, -38, -76, -92, and -96, as well as
the alpha genus HPV HPV16, all degraded Bak or prevented its accumulation following UV treatment but did
not degrade Bak constitutively. In addition, when tested using HPV16 E6 (16E6) and 8E6 as representative E6
proteins from the alpha and beta genera, respectively, Bak degradation was dependent on the E3 ubiquitin
ligase, E6AP. Other important regulators of apoptotic signaling were examined and found to be unperturbed
by the expression of the beta-HPV E6 proteins. Importantly, the expression of beta-HPV E6 proteins protected
keratinocytes from apoptosis to the same extent as 16E6-expressing cells. In conclusion, several of the
beta-HPV types possess the ability to protect UV-treated keratinocytes from apoptosis by reducing levels of Bak
in those cells, thus blocking the intrinsic apoptotic pathway.

Human papillomaviruses (HPVs) are small DNA tumor vi-
ruses that infect cutaneous and mucosal epithelia and dissem-
inate by replication in terminally differentiated keratinocytes.
So far, over 100 different types have been identified and char-
acterized on the basis of DNA sequence analysis (12). Only a
small number of these display a strong association with cancer
development. Most notably, the high-risk types (16, 18, 31, 33,
etc.) of alpha genus HPVs (alpha-HPVs) play a critical role in
the development of cervical cancer. These same types have
also been implicated in the majority of other anogenital can-
cers and a subset of head and neck carcinomas (11, 43).

Recently, the beta-HPVs, which cause cutaneous lesions in
humans, have been linked to the development of skin cancers
(32). The association between beta-HPVs and skin cancer was
first identified in patients with the rare inherited disorder epi-
dermodysplasia verruciformis (EV) (27). These individuals
have a predisposition to the early development of dissemi-
nated, persistent flat warts and macular lesions following in-
fection with a specific group of about 20 related beta-HPV
genotypes, also known as EV types. About half of EV patients
develop premalignant skin lesions and squamous cell carcino-
mas by age 40, primarily in sun-exposed areas (30). DNA from

these lesions was found to harbor HPV genomes, suggesting a
cocarcinogenic role of beta-HPVs and UV radiation in the
early development of EV cancers (32). By use of sensitive PCR
methods, HPV DNA sequences have since been detected in
nonmelanoma skin cancers (NMSC) from immunosuppressed
and immunocompetent individuals (8, 33). More recently,
HPV DNA loads within actinic keratoses were found to exceed
those of NMSC, suggesting a role for HPVs only in the early
stages of skin cancer (35, 39).

The critical role that high-risk alpha-HPVs play in the eti-
ology of cervical cancer is now well established and supported
by a wealth of epidemiological and experimental evidence (15,
42). Cervical carcinomas generally harbor integrated HPV ge-
nomes within every cell of the tumor and continue to express
the E6 and E7 viral oncogenes. The high-risk E6 and E7
proteins modify the expression activity of many cellular pro-
teins in order to promote cell proliferation. It has been shown
that both the E6 and E7 proteins of high-risk HPVs are nec-
essary for the efficient immortalization of human keratinocytes
(28). Conversely, the E6 and E7 proteins of low-risk HPVs do
not seem to express comparable cell-transforming activities
(5, 34).

In high-risk alpha-HPVs, the E6 protein complexes with
E6AP and promotes the ubiquitin-mediated degradation of
p53, a cellular tumor suppressor that regulates cell cycle arrest
and apoptosis in damaged cells (19, 20, 26). In addition, E6
possesses redundant mechanisms for inactivating p53 and apop-
tosis. E6 can bind to p300, which blocks p53 acetylation and
inhibits the ability of p53 to transactivate gene expression (31).
Furthermore, it has been observed that cells expressing the
HPV16 E6 protein (16E6) also display reduced ability to repair
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DNA damage (13, 18). As the repair of UV damage is, at least
in part, dependent on the p53 status of cell, this may be due to
HPV16-infected cells lacking functional p53 (38).

However, the ability to degrade p53 seems to be restricted to
the high-risk HPVs, as the beta-HPVs and low-risk alpha-
HPVs do not retain this activity (26). Despite this inability, the
E6 proteins from several cutaneous HPV types effectively in-
hibit apoptosis in response to UV damage (22). While UVB
irradiation is known to stimulate the promoter activity of cer-
tain beta-HPV types (2), the exact mechanism for protection
from apoptosis by these HPV types is not well understood.
One possible explanation for this cytoprotective effect is the
ability of the E6 proteins of both high- and low-risk HPVs to
target the proapoptotic effector Bak for proteolytic degrada-
tion (21, 36, 37).

In healthy keratinocytes, Bak is sequestered by Mcl-1 and
Bcl-xL, which keeps Bak inactive (41). Upon UV irradiation,
Noxa and other BH3-only proteins interact with Mcl-1 and
Bcl-xL, displacing them from Bak. Mcl-1 is also transiently
targeted for degradation by the HECT ubiquitin ligase, Mule,
which is necessary for the initiation of apoptosis following UV
irradiation (29). The released Bak then multimerizes in the
mitochondrial membrane, releasing cytochrome c and activat-
ing the caspase cascade (3, 10, 40). The ability of some E6
proteins to eliminate Bak has been demonstrated (21); how-
ever, the ability of other beta-HPV types to degrade Bak has
yet to be determined, and it is unclear whether other members of
the apoptotic cascade must also be inactivated by E6 to block
apoptosis. We show that all beta-HPV E6 proteins tested are
equivalent in the ability to degrade Bak and protect UV-damaged
keratinocytes from apoptosis without altering other regulators of
Bak. This suggests a universal cytoprotective mechanism of HPV
infection.

MATERIALS AND METHODS

Tissue culture. Primary human foreskin keratinocytes (HFKs) were derived
from neonatal human foreskins and grown in EpiLife medium supplemented
with calcium chloride (60 �M) and human keratinocyte growth supplement
(Cascade Biologics, Portland, OR). 293T and HT1080 cells were grown in Dul-
becco’s modified Eagle’s medium (Gibco-BRL) containing 10% fetal bovine
serum and penicillin-streptomycin.

E6 sequence alignment. A cladogram was constructed from the E6 amino acid
sequences of the beta-HPVs. The sequences were taken from GenBank (NCBI,
http://www.ncbi.nlm.nih.gov/gquery/gquery.fcgi) and aligned with the ClustalW
program (EMBL-EBI, http://www.ebi.ac.uk/clustalw/).

Plasmids. Full-length HPV DNA from HPV5, -8, -38, and -76 (kindly provided
by E-M. de Villiers), -20 and -22 (Michel Favre), and -92 and -96 (Ola Forslund)
were used as the templates for subsequent PCRs in order to clone the E6 genes
into the pLXSN vector. The PCR primers used for the untagged versions of E6
were as follows: 5E6 forward (5� AAAAAGCAGGCTTGGCAATGGCTGAG
GGAG 3�) and reverse (5� AGAAAGCTGGGTGACCTCTTTACCAATCATG
3�), 8E6 forward (5� AAAAAGCAGGCTTGGAAATGGACGGGCAGG 3�)
and reverse (5� AGAAAGCTGGGTCTCTTTACCAATCATGATAC 3�), 20E6
forward (5� AAAAAGCAGGCTGGGACATGGCTACACCTC 3�) and reverse
(5� AGAAAGCTGGGTATCATTATTGAAAATGCTTACAC 3�), 22E6 for-
ward (5� AAAAAGCAGGCTTAAACATGCAACCGCTTGTG 3�) and reverse
(5� AGAAAGCTGGGTCCAATCATTCTATTGCTTTAC 3�), 38E6 forward
(5� AAAAAGCAGGCTTAATCATGGAACTACCAAAAC 3�) and reverse (5�
AGAAAGCTGGGTCCAATCATTCTATTGCTTTGC 3�), 76E6 forward (5�
AAAAAGCAGGCTGAGACATGGCTAGACCTG 3�) and reverse (5� AGAA
AGCTGGGTTTCCCAATCATTCTATTACTC 3�), 92E6 forward (5� AAAAA
GCAGGCTTCACAATGGCAAAACCTCCTTC 3�) and reverse (5� AGAAAG
CTGGGTGTTTCCCAATCATATCTCTGTAC 3�), and 96E6 forward (5� AA
AAAGCAGGCTAGGTGATGCAGTATCTGATCC 3�) and reverse (5� AGA
AAGCTGGGTTTTCCCCAATCATATCTCTCTAC 3�). The E6 genes were

then inserted via the Gateway recombination-based system (Invitrogen, Carls-
bad, CA) into pLXSN for retroviral transfection and into pDEST15 for gluta-
thione S-transferase pulldowns. All constructs were verified by DNA sequencing.
The pBABE-puro, pGEX2T-16E6, pLXSN, pLXSN-16E6, and pBABE-
E6AP-sh constructs have been described previously (16). The full-length human
Bak construct used for in vitro translations was kindly provided by D. L. George
(University of Pennsylvania School of Medicine, Pittsburgh, PA).

RT-PCR. RNA was isolated with the Trizol reagent (Invitrogen, Carlsbad,
CA). Briefly, 1 ml of Trizol was added to each 10-cm plate, cells were incubated
5 min, and 200 �l of chloroform added. The aqueous phase was transferred and
mixed with an equal volume of isopropanol, incubated for 10 min, and pelleted
at 12,000 rpm for 10 min at 4°C. After being washed with 75% ethyl alcohol, the
samples were again pelleted at 9,000 rpm for 5 min and resuspended in RNase-
free H2O. cDNA copies of RNA templates were made using Superscript II
reverse transcriptase (RT) (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s protocols. PCR amplification was then performed to identify 100-bp
amplicons with the designated E6 primers as follows: 5E6 forward (5� GAGGG
AGCCGAACACCAA 3�) and reverse (5� CAATCACAGGGATGCCTAAGG
3�), 8E6 forward (5� TTAGGTGTCAAAACTGCTTGTCATT) and reverse (5�
CCTTTCCAGCCTCCTCTAACTTT 3�), 16E6 forward (5� GCACAGAGCTG
CAAACAACTATACA 3�) and reverse (5� TCCCGAAAAGCAAAGTCATA
TACC 3�), 20E6 forward (5� TTTTGCATGCTGTCGTGTTTG 3�) and reverse
(5� TGTTACTTGCTCTATGTCTCTGCCTAA 3�), 22E6 forward (5� GCCTA
CGCTTCAGCCCAAT 3�) and reverse (5� AAATTTGGCCTACAGGTCG
TTGT 3�), 38E6 forward (5� GAGGATTTTGTTTTTGCATGTTGT 3�) and
reverse (5� CAATTTCACGGCCAAAGACA 3�), 76E6 forward (5� TGTGGA
AGGACGGATTTTGC 3�) and reverse (5� ATGCCTACCACAGTTTCCT
GATG 3�), 92E6 forward (5� TATGCTTGCTGTGGTGCTTGT 3�) and reverse
(5� AGTCCCTTTCTATAGCATCCTTTCC 3�), and 96E6 forward (5� ACCG
ATCCAGTGGCTTTGC 3�) and reverse (5� AGTTGCGAAACTTACCGTT
AACG 3�). The primers for 36B4 were previously described (16). For real-time
RT-PCR, cells were grown and treated with UV in six-well plates and harvested
by use of 0.5 ml Trizol reagent. RNA was isolated as described above and
subsequently processed using an RNeasy mini-cleanup protocol (Qiagen). For
analysis of mRNA levels, TaqMan gene expression assays Hs00832876 (Bak) and
4333764F (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) were used
(Applied Biosystems, Foster City, CA). For data analysis, the ��CT method
(where CT is for threshold cycle) was used, with GAPDH as a control to calculate
the change compared to LXSN control cell data.

Retrovirus production and infection. Retroviruses were produced either in
established viral producer cell lines (PA317 or PG13) or transiently in 293T cells
by a vesicular stomatitis virus G-pseudotyped virus production protocol as pre-
viously described (6). Briefly, after concentration of the virus by ultracentrifu-
gation, HFKs were infected at �60% confluence in 10-cm plates with the addi-
tion of Polybrene (8 �g/ml). Four hours after infection, cells were washed with
phosphate-buffered saline (PBS) and the medium was replaced. The cells were
allowed to recover for 24 h before the addition of selective media. HFKs were
selected in G418 (50 �g/ml) or puromycin (0.5 �g/ml) as appropriate. Selection
in G418 was usually complete within 7 days. Cells expressing both E6 (LXSN)
and E6APsh (pBABE-puro) were additionally selected in puromycin-containing
medium for 5 days following G418 selection.

UVB irradiation. Cells were allowed to reach 50 to 70% confluence and
inoculated with fresh medium 24 h before irradiation. For treatment with UVB,
cells were washed once with PBS and then irradiated through a thin film of PBS
with either 15 mJ/cm2, 20 mJ/cm2, or 25 mJ/cm2 of UVB. Fresh medium was
replaced and lysates were harvested at various time points, as indicated. The
UVB source is a parallel bank of two FS20T12/UVB bulbs (Solarc Systems, Inc.,
Barrie, ON, Canada) with an output range of 280 to 320 nm. The UVB output
is measured with an IL1400A radiometer coupled with the SEL240/UVB-1/TD
UVB detector (International Light, Peabody, MA).

Western blot assay. Whole-cell lysates were prepared by mechanically detach-
ing cells in cold PBS and resuspending in WE16th lysis buffer (50 mM Tris-HCl
at pH 7.5, 250 mM NaCl, 5 mM EDTA, 1% NP-40, 0.1% sodium dodecyl sulfate,
20% glycerol, 80 mM �-glycerophosphate, 50 mM sodium fluoride, 1 mM sodium
orthovanadate, and a Complete protease inhibitor tablet [Roche, Alameda,
CA]). Lysates were then sonicated and clarified by centrifugation. The DC
protein assay (Bio-Rad, Hercules, CA) was used to determine protein concen-
trations. Equal amounts of protein lysates (15 to 30 �g) were electrophoresed on
sodium dodecyl sulfate-polyacrylamide gels and transferred to Immobilon-P
membranes (Millipore, Billerica, MA). Immunoblotting was performed with
mouse anti-Bak (Ab-2; Calbiochem, San Diego, CA), mouse anti-p53 (Ab-6;
Calbiochem, San Diego, CA), mouse anti-UBE3A (Abnova, Taipei City, Tai-
wan), mouse anti-Bcl-XL (BD Pharmingen, San Jose, CA), mouse anti-Bcl-2 (BD
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Transduction Laboratories, San Jose, CA), mouse anti-Bax (BD Transduction
Laboratories, San Jose, CA), mouse anti-Mcl-1 (BD Pharmingen, San Jose, CA),
mouse anti-Noxa (Calbiochem, San Diego, CA), rabbit anti-PUMA (Cell Sig-
naling, Danvers, MA), mouse anti-GAPDH (Abcam, Cambridge, MA), and
mouse antinucleolin (C-23; Santa Cruz Biotechnology, Santa Cruz, CA). For
quantification of Western blot data, the membranes were scanned and bands
were analyzed by densitometry using ImageJ (NIH).

Immunofluorescence microscopy. HFKs or HT1080 cells (vector control, 5E6,
8E6, 38E6, and 16E6) were grown on coverslips to 70% confluence and then
either treated with 20 mJ/cm2 (HT1080 cells) or 25 mJ/cm2 UV (HFKs) or left
untreated as a control. At the indicated time points the medium was aspirated
and the cells were fixed for 15 min at room temperature in 4% paraformalde-
hyde. Coverslips were processed using the Select FX Alexa Fluor 488 cytochrome
c apoptosis detection kit, as per the manufacturer’s instructions (Invitrogen,
Carlsbad, CA). Samples were rinsed extensively in PBS before being mounted in
FluoroGuard antifade reagent (Bio-Rad, Hercules, CA). Images were obtained
with a Deltavision restoration microscope (Applied Precision, Issaquah, WA)
fitted with an Olympus 20� or 40� objective and processed at a Silicon Graphics
(Mountain View, CA) workstation with accompanying API software. The images
were subsequently exported to Adobe Photoshop (version 7.0) and Adobe Illus-
trator (version 11.0) (Adobe Systems, San Jose, CA) for preparation.

For quantification of apoptotic cellular responses, five separate 20� fields
were analyzed for each E6-expressing and vector control coverslip. Cells exhib-
iting loss or dispersal of cytochrome c were counted and divided by the total
number of cells to give the percentage of apoptotic cells per experiment. Exper-
iments were performed in triplicate.

Activated caspase-3 assay. HT1080 cells (vector control, 5E6, 8E6, 38E6, and
16E6) were grown in 10-cm plates to 70% confluence and then either treated
with 20 mJ/cm2 UV or left untreated as a control. Twelve hours after UV
treatment, the cells were harvested and assayed for cleaved caspase-3 using the
PathScan cleaved caspase-3 (Asp175) sandwich enzyme-linked immunosorbent
assay kit (Cell Signaling Technology, Danvers, MA).

RESULTS

The E6 proteins of various beta-HPVs prevent the accumu-
lation of Bak following UVB treatment of human keratino-
cytes. Previous studies have reported that the E6 proteins of
both high- and low-risk alpha-HPVs, as well as that of HPV5 of
the beta-HPVs, target Bak for proteosomal degradation (21).
We investigated whether this ability is conserved among the
beta-HPV types in primary HFK cultures. Currently, 25 HPV
types are classified as beta-HPVs, and their phylogenetic re-
latedness, based on amino acid sequences from the E6 protein,
is shown in Fig. 1a. Based on this alignment, representative
HPV types from each of the five species were chosen for
further studies. Each of these HPV E6 proteins was expressed
in HFKs, and expression was confirmed using RT-PCR
(Fig. 1b).

The ability of the E6 protein from each of the representative
beta-HPV types to degrade Bak was then compared with high-
risk 16E6 and vector LXSN control cells. The cells were
treated with UVB, harvested at 4, 8, 16, and 24 h postirradia-
tion, and subjected to immunoblot analysis to detect levels of
p53 and Bak (Fig. 2a). UVB irradiation initiated an induction
in p53 levels as well as an accumulation of Bak in LXSN-
expressing HFKs, confirming previous reports of cellular re-
sponses to UVB irradiation (4, 24). Cells expressing 16E6
targeted p53 for degradation constitutively (14) and also re-

FIG. 1. Beta-HPV cladogram and expression levels in HFKs. (a) Cladogram representation of beta-HPV species and subspecies. Types
highlighted in bold, representing each of the separate species, were chosen for further study. (b) RT-PCR of E6 in the stable E6-expressing HFK
lines. 36B4 levels within each cell type were used as an endogenous control. V, LXSN vector control cells.
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FIG. 2. E6 proteins degrade Bak after UVB irradiation. (a) Representative immunoblot showing the levels of Bak, p53, and nucleolin in
E6-expressing and vector control HFKs. Cells were mock treated (�) or treated with 15 mJ/cm2 UVB and harvested at the indicated time points
(4, 8, 16, and 24 h after UV treatment). (b) Quantitation of the levels of Bak protein following UV treatment. Values represent the mean levels
of total Bak protein normalized to the levels seen for non-UV-treated cells (	 standard deviation) in three independent experiments. An
asterisk indicates that the statistical difference between the E6-expressing cell and the LXSN vector control at that time point has a P value
of 
0.05.
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duced Bak levels by 8 h following treatment with UVB. In
contrast, p53 protein was induced in all of the beta-HPV E6-
expressing cells after UV exposure, with kinetics similar to
those seen for the controls. Although the levels of Bak were
more substantially reduced by some E6 proteins (e.g., 16E6,
8E6, and 38E6) compared to others (e.g., 20E6, 92E6, and
96E6), Bak protein did not accumulate following UV treat-
ment in any of the E6-expressing cells (Fig. 2b). In contrast to
other reports (21), the E6 proteins did not target Bak for
degradation constitutively but only approximately 8 h following
UV exposure.

16E6- and 8E6-mediated Bak degradation is dependent on
E6AP. The destabilization of Bak by the E6 proteins of both
alpha- and beta-HPVs has been reported to involve proteo-
somal degradation (21). Bak had previously been reported to
be constitutively targeted for proteosomal degradation by E6
proteins (21). Because we saw degradation of Bak only follow-
ing UV treatment, we tested whether the decreased levels seen
for 8E6 and 16E6-expressing HFKs were in fact due to pro-
teosome-mediated degradation (Fig. 3a). 8E6, 16E6, and
LXSN vector control HFKs were exposed to 15 mJ/cm2 of

UVB irradiation in the presence or absence of the proteosome
inhibitor MG132 and then harvested at selected time points.
The normal cellular responses to UV treatment, i.e., accumula-
tion of Bak and p53, were seen in LXSN HFKs with or without
MG132. By comparison, the decreases in the levels of Bak in both
16E6- and 8E6-expressing HFKs were reversed by the presence of
MG132, thus confirming proteosomal degradation.

Bak mRNA levels were also examined following UV treat-
ment to ensure that the lower levels of Bak protein were not
due to transcriptional changes following UV. 5E6-, 8E6-,
38E6-, 16E6-, and LXSN-expressing HFKs were all exposed to
UVB irradiation and harvested with Trizol after 0, 4, 8, and
24 h. Total RNA was isolated and used as a template for
real-time RT-PCR with TaqMan primer/probe sets for both
Bak and GAPDH. Compared to what was seen for the levels of
transcript for the LXSN control cells, there was no significant
change in Bak mRNA levels in any of the cells expressing E6
at any of the time points following UV treatment (Fig. 3b).
These data confirm that the decreases in total Bak protein
following UV treatment are due to proteosomal degradation
and not to transcriptional changes.

FIG. 3. 16E6- and 8E6-mediated proteosomal degradations of Bak require E6AP. (a) E6-expressing and vector control HFKs were mock
treated (�) or treated with 15 mJ/cm2 UVB and harvested at the indicated time points (2, 4, 8, and 24 h after treatment). The proteosome inhibitor
MG132 (10 �M) was added (�), or not (�), 2 h before the lysates were harvested. The levels of p53, Bak, and nucleolin were determined by
immunoblot analysis. (b) Bak mRNA levels in LXSN- and E6-expressing cells following UV treatment. Cells were treated with 20 mJ/cm2 UVB
and harvested at the indicated time points (0, 4, 8, and 24 h after treatment). Relative levels of Bak mRNA were calculated using the ��CT method
with GAPDH to normalize mRNA levels within each sample. Values shown are the mean changes in each sample compared to the untreated
LXSN vector control. Error bars represent the standard deviation for each sample (n � 3). (c) E6AP protein levels were knocked down with
shRNA constructs. The cells were then treated, or not (LXSN cells for comparison of basal levels), with 15 mJ/cm2 UVB irradiation. E6AP, p53,
Bak, and GAPDH (GAPD) protein levels were determined by immunoblot analysis.
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E6AP is the only E3 ubiquitin ligase that is known to bind E6
proteins, forming a complex that promotes the ubiquitin-me-
diated degradation of target proteins, such as p53, Scribble,
hDlg, and NFX1-91 (17, 20). To investigate a possible mech-
anism for Bak degradation in E6-expressing HFKs, E6AP ex-
pression was knocked down in 16E6-, 8E6-, and vector-ex-
pressing cells by use of short hairpin RNAs (shRNAs) (Fig.
3c). Both shRNA1 and shRNA2 knock down E6AP expres-
sion, with shRNA1 being more efficient, as seen by immuno-
blot analysis with an anti-E6AP antibody and the restoration of

p53 levels in 16E6-expressing HFKs. In both 8E6- and 16E6-
expressing HFKs, the shRNAs blocked the reduction in Bak
levels following UV treatment. These data illustrate the
requirement of E6AP for E6 proteins to target Bak for degra-
dation following UVB treatment and implicate the ubiquitina-
tion pathway in this process.

Other Bcl-2 family members were not perturbed in E6-expressing
HFKs following UVB exposure. Bak levels and activation within a
cell are controlled by a myriad of related Bcl-2 proteins within the
intrinsic apoptosis pathway (reviewed in reference 10) (Fig. 4a).

FIG. 4. Normal responses of other Bcl-2 family members to UVB irradiation are not perturbed by E6 expression. (a) Proteins involved in
UV-induced apoptosis signaling in keratinocytes (compiled from references 10, 29, 40, and 41). (b) E6-expressing and vector control HFKs were
mock treated (�) or treated with 15 mJ/cm2 UVB and harvested at the indicated time points (2, 4, 8, and 24 h after treatment). The levels of p53,
Bak, Mcl-1, Bcl-xL, Noxa, Bax, Bcl-2, Puma, and nucleolin were determined by immunoblot analysis.
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Noxa, Bcl-XL, and Mcl-1 have been shown to be crucial for the
regulation of the apoptotic pathway by Bak in UVB-treated
keratinocytes (41). Puma, Bax, and Bcl-2 proteins have a less-
defined role in normal keratinocytes after UVB exposure but
are important for the activation of apoptosis in a variety of cell
types (40). We therefore wanted to investigate the effects of
the E6 protein on other apoptotic regulatory proteins follow-
ing UVB irradiation (Fig. 4b). UVB treatment of vector-ex-
pressing control keratinocytes resulted in the induction of p53
and Bak by 8 h, consistent with previous results (21). The
proapoptotic proteins Bax, Noxa, and Puma are also induced
between 4 and 8 h after UVB irradiation. Conversely, the
antiapoptotic family members, Mcl-1, Bcl-XL, and Bcl-2, ex-
hibit variability following UVB exposure. Levels of Mcl-1 are
maximally reduced by 4 h and Bcl-2 levels are slowly reduced
by 24 h, while Bcl-xL levels appear unchanged following UVB
treatment. These data suggest that normal apoptotic signaling
is occurring through the intrinsic pathway following genotoxic
damage to keratinocytes (10, 41).

In E6-expressing cells, all of the pro- and antiapoptotic pro-
teins tested, with the exception of Bak, showed levels of induc-
tion or reduction similar to those seen for control cells. The
levels of the proapoptotic members, Bax, Noxa, and Puma,
were all induced by UV treatment, while the levels of the
antiapoptotic proteins, Mcl-1 and Bcl-2, were reduced. The
levels of Bcl-xL appeared unchanged following UVB treat-
ment, similar to what was seen for control cells. Taken to-
gether, these results demonstrate that the normal signaling
events that initiate apoptosis through the intrinsic pathway
following UVB exposure remain intact for each of the E6-
expressing cell lines tested, with the exception of a failure to
accumulate Bak.

E6 proteins prevent apoptosis of cells following UVB expo-
sure. We wished to determine if the prevention of Bak accu-
mulation in E6-expressing cells was capable of protecting these
cells from UVB-mediated apoptosis. Activated Bak presum-
ably triggers apoptosis by forming pores within the mitochon-
drial membrane. These pores allow the release of proapoptotic
factors into the cytosol, which in turn are involved in activating
the caspase cascade. Thus, the level of caspase activation is
indicative of the number of cells undergoing apoptosis. There-
fore, we analyzed the levels of cleavage (and thus activation) of
one of these caspases, caspase-3 in E6-expressing cells follow-
ing UVB treatment, as a measure of their ability to protect
against apoptosis.

Cytoprotection has previously been demonstrated for E6
from the alpha-HPV18, -10, and -77 and beta-HPV5 by use of
the HT1080 fibrosarcoma cell line (21, 22), so we first initially
examined the effect of the beta-HPV E6 proteins in this estab-
lished model. We expressed the E6 protein from HPV5, -8, -38,
and -16 in HT1080 cells (Fig. 5a) and exposed the cells to
UVB. Twelve hours after UVB treatment, cells were harvested
and lysates analyzed for caspase-3 cleavage. Following UVB
treatment, all of the E6-expressing cells showed levels of acti-
vated caspase-3 approximately 40 to 60% lower than those
seen for vector control cells (Fig. 5b), indicating that E6 pro-
tects these cells from apoptosis.

One of the apoptotic events immediately preceding caspase
cleavage is the release of cytochrome c from the mitochondrial
inner membrane space (3). Given that Bak pore formation is

thought to mediate this event, decreased levels of total Bak
protein should result in fewer pores and, in turn, a defect in the
release of cytochrome c following UVB treatment. To test this,
we analyzed the extent of cytochrome c release in HT1080 cells
in the presence or absence of UV treatment by the immuno-
staining of treated cells for cytochrome c. Following UVB
treatment, fewer vector control cells than non-UV-treated cells
were present, indicating either that the cells had their growth
arrested or that they sloughed off the coverslips as a result of
treatment. Additionally, a large percentage of the remaining
cells had either no cytochrome c staining or dispersed cyto-
chrome c staining indicative of its release from mitochondria
(Fig. 6a). In comparison, 5-, 8-, 38-, and 16E6-expressing cells
showed only a slight decrease in the number of cells following
UV treatment, and much lower numbers of cells with a dis-
persed cytochrome c staining pattern. When these results were
quantified, approximately 30% of vector control cells appeared
apoptotic, compared to approximately 15% of each of the
E6-expressing cell lines tested (Fig. 6b).

Finally, as our Bak degradation experiments had been done
using primary HFKs, we wished to determine if apoptosis sig-
naling was abrogated in HFKs that expressed the E6 proteins.
As described above, we examined the extent of cytochrome c
release in HFKs in the presence or absence of UV treatment.
Following UVB treatment, the vector control HFKs appeared
both to be fewer in number and to have more dispersed cyto-
chrome c staining (Fig. 6c), similar to the results seen with the
HT1080 vector control cells. As with the HT1080 E6-express-
ing cells, the E6-expressing HFKs all had fewer cells with
cytochrome c dispersion. Quantified, 30% of the vector control

FIG. 5. E6 proteins abrogate caspase-3 cleavage in HT1080 cells.
(a) RT-PCR of E6 in the stable E6-expressing HT1080 cell lines. 36B4
levels within each cell type were used for an endogenous RNA control.
(b) Levels of activated caspase-3 in LXSN- and E6-expressing cells
12 h following a 20-mJ/cm2 UV treatment. Values represent the mean
level of cleaved caspase-3 detected in four independent experiments
(	 standard error of the mean). A single asterisk represents a differ-
ence between the E6-expressing cells and control cells with a P value
of 
0.05, while a double asterisk represents the same difference with
a P value of 
0.01.
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HFKs were apoptotic (Fig. 6d), a result that closely mimics
that of the vector control HT1080 cells. However, only 5% of
the E6-expressing cells appeared to be apoptotic. Taken to-
gether, these results indicate that the E6 protein protects both

HT1080 cells and HFKs from apoptosis by preventing the
release of cytochrome c and the downstream activation of
caspase-3, thus disrupting the intrinsic pathway of apoptosis
signaling.

FIG. 6. E6 proteins prevent cytochrome c release in HT1080 cells and HFKs. Indirect immunofluorescence of mock- or 20-mJ/cm2 UV-treated
LXSN- and E6-expressing HT1080 cells (a) or HFKs (c) demonstrating cytochrome c staining. White arrows indicate apoptotic cells with a reduced
or dispersed pattern of staining. (b and d) Quantitation of levels of cytochrome c (Cyt-c) release in LXSN- and E6-expressing HT1080 cells (b)
or HFKs (d). Values are the mean percentages of cells with no or dispersed cytochrome c staining patterns from three independent experiments
(	 standard deviations). A single asterisk indicates differences between control cells and E6 cells with a P value of 
0.05, while a double asterisk
indicates differences between control cells and E6 cells with a P value of 
0.01.
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DISCUSSION

Previous studies have determined that the E6 proteins from
several HPV types confer protection from apoptosis after
genotoxic stress (22). This protective effect supports a possible
mechanism for the association of beta-HPVs with the devel-
opment of skin cancers. A surviving pool of damaged keratino-
cytes may allow the accumulation of deleterious mutations,
such as in p53, which are commonly found in skin cancers (25).
It is unclear whether there are differences in the abilities of the
various beta-HPVs to contribute to skin carcinogenesis. On
one hand, several studies have identified a large number of
HPV types in skin cancers and their precursors, without finding
one or a few types predominating (23, 35, 39). On the other
hand, some types have been found to possess activities that
would contribute to carcinogenesis that other types have not
shown. For example, UVB irradiation can stimulate the non-
coding region of HPV5 and -8 but not other types within the
beta-HPVs (2). Furthermore, the repair of UV-induced thy-
mine dimers is compromised in cells expressing 5E6 protein
but not in cells expressing E6 proteins from other cutaneous
HPVs (18).

We investigated the ability of several representative HPV
types from the various species within the beta genus to degrade
Bak in primary keratinocyte cultures. This would reveal
whether there are any inherent differences in the abilities of
certain beta-HPV types to contribute to skin carcinogenesis
based on their ability to protect cells from apoptosis. All of the
representative beta-HPV E6 proteins tested were able to de-
grade Bak and/or prevent its accumulation following UVB
treatment (Fig. 2).

To ensure that the protective effect seen for cells expressing
the E6 protein is limited to the ability to degrade Bak, we
examined other Bcl-2 family members important for apoptosis
signaling through the intrinsic pathway. There were no discern-
ible differences between 8E6-, 38E6-, or 16E6-expressing and
vector control HFKs following UVB treatment, aside from
slight differences in the kinetics of the apoptotic mediators
tested (Fig. 4). In order to confirm the cytoprotective effects of
Bak degradation, we examined E6-expressing cells for the abil-
ity to blunt the apoptotic response. The cytochrome c and
activated caspase-3 assays revealed significant differences be-
tween the effects of UVB treatment on vector control-express-
ing versus E6-expressing HT1080 and HFKs. However, with
regard to the ability to decrease the apoptotic response to
UVB, there were no significant differences between the differ-
ent E6 proteins expressed in either cell type (Fig. 5 and 6). Our
findings indicate that if there is any disparity regarding the
ability of specific beta-HPVs to contribute to the risk of devel-
oping NMSC, this is most likely independent of their ability to
degrade Bak and protect cells from apoptosis following UVB
exposure.

Certainly, there are many possible explanations for these
findings. As stated above, certain cutaneous HPVs may exhibit
other exclusive activities that promote tumorigenesis, such as
the ability of HPV5 to prevent the repair of thymine dimers
(18). The E6 and E7 proteins of HPV38 display transforming
activity in primary human cells (9); however, the ability of
other beta-HPV E6/E7 proteins to mediate this effect is un-
certain. In addition, while none of the beta-HPVs degrade p53,

38E6 and -E7 expression has been reported to inhibit the
ability of p53 to induce the transcription of downstream target
genes involved in growth suppression and apoptosis via the
accumulation of �Np73 (1). Recently it has been shown that a
subset of beta-HPV E6 proteins can activate telomerase
through an E6AP-dependent mechanism and prolong the life
span of keratinocytes in culture (7). There may also be as-yet-
undetermined protein binding partners specific to certain E6
and/or E7 proteins from the various beta-HPVs that may be
important with regard to the initiation of tumorigenesis.

Our studies also reveal a possible mechanism for the target-
ing of Bak for degradation that is conserved in both 16E6- and
8E6-expressing cells. It is well known that the high-risk alpha-
HPV E6 protein complexes with E6AP, a cellular E3 ubiquitin
ligase homologous to the E6AP carboxyl terminus, and targets
several substrates for degradation (17, 20). In addition, it has
been previously shown that both E6 proteins and E6AP are
able to bind Bak and that Bak levels may be normally regulated
by E6AP (37). From our knockdown experiments with shR-
NAs to the E6AP protein, we show that the E6 proteins of both
HPV16 and HPV8 are unable to degrade Bak following UVB
treatment in the absence of E6AP. We are currently investi-
gating other possible E3 ligases that may also be important for
the regulation of Bak degradation by E6.

The E6-mediated proteosomal degradation of Bak reveals
another interesting feature about the interaction of E6 pro-
teins with Bak. In our study, the degradation of Bak seen for
E6-expressing HFKs occurred at least 8 h after UVB treatment
and only after apoptosis was initiated. The basal, or constitu-
tive, levels of Bak in E6-expressing cells, compared to those for
control keratinocytes, remained unaffected. Previous binding
experiments and functional cell death assays revealed that
Mcl-1 and Bcl-xL keep Bak sequestered until cytotoxic signals
activate BH3-only proteins that allow the release and activa-
tion of Bak, presumably by its oligomerization (41). The in-
ability of E6 to degrade the constitutive levels of Bak lends
support to the idea that Bak is sequestered until its activation
by UVB irradiation, after which E6 is able to interact with and
target Bak for degradation. Additional experiments are under
way in our lab to further examine this hypothesis.

In summary, we have compared the respective abilities of
several beta-HPV E6 proteins to degrade Bak independent of
p53 function. Each of the E6 proteins we tested from repre-
sentative subspecies within the beta-HPVs, as well as 16E6,
was able to degrade Bak and/or prevent its accumulation. This
ability gave cells a distinct survival advantage by evading the
intrinsic apoptotic pathway normally triggered by UVB irradi-
ation. Our findings support a role for many of the beta-HPV
types in the initiation of skin carcinogenesis. Furthermore, the
ability to blunt apoptosis after UVB exposure does not appear
to be limited to a select few beta-HPV types. Future studies
focusing on additional molecular effects of the E6 proteins
from beta-HPVs are being examined in order to discover other
factors which may identify any beta-HPV types that may pre-
dispose patients to the development of skin cancer.
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